Dual junction tandem solar cells can harvest a broader range of incident photons from the solar spectrum compared to single junction solar cells. In this paper dual junction three terminal Si/Ge solar cell devices were designed and optimized in terms of thicknesses and doping concentrations of their active layers. They were then simulated for different operating temperatures, spectra and light concentrations. Four devices with total thicknesses of 10, 20, 50 and 100 μm were considered, and these devices had predicted efficiencies ranging between 14.5% and 17.9% under AM1.5G, 25°C and 1 sun. Our devices also achieved higher conversion efficiencies under increased light concentration, where the highest predicted efficiency was about 29% under 1000 suns. The tandem devices show promising performance for applications in PV, thermal PV and concentrated PV.
Introduction
Converting solar energy via the photovoltaic (PV) effect is promising for generating electricity although it still faces some obstacles. The main challenge is the expensive cost compared with electricity from conventional fossil fuels. Small improvements in the conversion efficiency of PV cells could decrease their cost significantly. One way to increase the efficiency of PV devices is to harvest a broader spectrum by stacking a number of solar cells with different bandgaps in what is called a multijunction solar cell [1] . Multijunction solar cells can reach higher conversion efficiencies than traditional Si based solar cells. The state of the art triple junction GaInP/GaAs/Ge solar cell was able to exceed 40% efficiency [2] . Multijunction solar cells are mainly used for space applications where cost is a minor concern, however efforts are made to implement them in terrestrial applications [3] .
In this research, we report on the design of a device that can convert a broad part of the solar spectrum using a dual junction structure that consists of a moderate bandgap (1.12 eV) Si cell on a narrow bandgap (0.66 eV) Ge cell. This device is able to cover photons with wavelengths ranging from 300 nm to 1800 nm with relatively thinner device structure than conventional single junction Si solar cells that have a cut off wavelength at about 1200 nm.
Si has the advantage of being abundant, relatively cheap and a well developed material for solar cells. It was investigated for dual junction solar cell use, mainly for space applications, as a bottom active substrate due to its good radiation resistance [4, 5] . It was also investigated as a top cell in a dual junction solar cell device configuration [6] , while another research modeled InGaN/Si as a bottom junction in a dual junction solar cell device [7] , and both reports show promising results for dual junction solar cells using the Si junction. Si/Ge dual junction solar cell has the potential of reaching relatively high conversion efficiency with relatively thin and less expensive materials, and could reach up to 19% efficiency under 1 sun illumination [6] . A relatively thick device was proposed in order to match the currents between the top Si cell and the bottom Ge cell [6] .
Our proposed Si/Ge tandem device has the advantage of unrestricted cell thicknesses due to the three terminal configuration that we used. In order to compare our design with the previously mentioned device [6] , we designed a 100 μm thick device that was able to reach about 18% efficiency. Designing a thin device that can efficiently convert solar energy is much more desirable and is the main goal of our paper.
Methodology
Computer modelling and simulation are considered important tools for designing and developing solar cells. A dual junction solar cell with different total thicknesses was designed and optimized using PC1D [8, 9] which proved to be reliable for predicting solar cell behavior, and is widely used by researchers for PV device modeling [10] [11] [12] . The dual junction solar cell device consists of a top Si cell (Eg = 1.12 eV) and a bottom Ge cell (Eg = 0.66 eV). This design is intended to convert a wider range of photons incident on the solar cell and generate therefore a maximum power output. Fig. 1 . Si/Ge dual junction tandem solar cell device structure A three terminal device configuration was used due to several advantages such as no current matching is needed between top and bottom cells and hence no losses due to current mismatch [12] . Secondly, the tunnel junctions and the associated losses are avoided. The three terminal device configuration has proved to be less sensitive to the spectrum fluctuations compared to two terminals [13] . An additional advantage of the three terminal configuration is that there is no restriction on the thicknesses of the top and bottom cells, which can allow for overall thinner devices compared to two terminals.
The device area was 1 cm 2 was simulated with a middle common contact of heavily doped p-type Si (1x10 20 cm -3 ) with 0.1 μm thickness. A simple schematic of the dual junction solar cell device structure is shown in Fig. 1 . Junctions of top and bottom cell were modeled using Gaussian diffusion profiles, and it is assumed that there is no reflection from the front surface of the device. 10 μm, 20 μm, 50 μm and 100 μm total thicknesses were modeled for the same device configuration and structure. The models were optimized and then simulated under different illumination and temperature conditions. The four devices were also investigated for potential concentrated PV (CPV) and thermal PV (TPV) applications along with conventional PV applications. The main input parameters used in our modeling are listed in Table 1 . The four Si/Ge dual junction devices with the different total thicknesses were optimized for: i. Thicknesses of the top and bottom cells. ii. Depth of the junctions. iii. Doping concentrations of the active layers. These parameters were varied independently to extract the maximum efficiency of these devices, and the optimization was performed under the standard testing conditions (STC) of AM1.5G, 25°C and 1 sun.
The optimal results together with the device performance parameters are provided in Table 2 . The devices were assumed to have (i) no reflections at the surfaces and (ii) very low series resistance.
Results and discussion
From Table 2 , it can be noted that the doping concentrations of n-type layers in Si and Ge solar cells for all the devices are in the order of 1×10 18 cm -3 while the p-type doping concentrations are in the order of 1×10 15 to 1×10 16 cm -3 . For the thicknesses, it was found that the optimal device performance is when the Si solar cell is as thick as possible as it contributes the most to the output of the dual junction device compared to the Ge cell. The device efficiency increases with increasing its total thickness in general, but the increase in efficiency becomes relatively small as it can be noted from devices 50 μm and 100 μm. Fig. 2 shows the internal quantum efficiency (IQE) of top and bottom cells of the 10 μm device for AM1.5G spectrum, where photons with wavelengths ranging from 300 nm to 1800 nm are absorbed within the dual junction solar cell device. Thus our device was able to broaden the collection of photons from the solar spectrum. After optimizing our devices, they were simulated to better understand their behavior and operation under different conditions such as temperature, spectrum and illumination intensity.
Under different operating temperatures, the four devices behave in the same way and demonstrated a typical behavior of solar cells when exposed to high temperatures [14] . The temperature was varied from 20 to 70°C and Fig. 4 shows the results for the 50 μm device which is similar to the other three devices. The simulations were run for different operating temperatures and the open-circuit voltage (Voc) and short-circuit current density (Isc) were predicted. In Fig. 4 it can be noted that the efficiency decreases form approximately 18% to 13% with increasing temperature. Voc decreases with temperature due to an increase in the dark current and the Isc increases slightly with temperature due to the bandgap narrowing, which is more noticeable in narrow bandgap semiconductors [14] . The Isc increase has less impact on the cell efficiency compared with the Voc effect, leading to a decrease of the device total efficiency.
For different black body temperatures (BBT) in the range between 2000-6000 K, the four devices behave almost similarly. The performance of the 10 μm device as an example is shown in Fig. 5 . The overall device efficiency increases with increasing BBT due to the increase of the Si top cell efficiency. Meanwhile, the efficiency of the Ge bottom cell increases slightly with increasing BBT and peaks at approximately 3000 K and then decreases, but this decrease has a low impact on the device total efficiency. The Voc of the Si cell increases slightly with increasing BBT, while the Ge cell Voc shows a small change. The Isc of both cells increases with increasing BBT and the Si Isc peaks at approximately 3200 K and then decreases while the Ge Isc continues to increase with increasing BBT. The devices can therefore be used for TPV application under 3500K-4000K spectra with an efficiency ranging between 10% and 15% for the four devices thicknesses.
Concentrating sunlight is used to increase the efficiency of solar cells by increasing the number of incident photons, and CPV has the potential to reduce the cost of PV.
The optimized four devices were simulated under different light concentrations to asses their suitability for CPV applications using equations (1) and (2). This step was conducted under AM1.5D and 26.9°C (300K). 
Isc (×) and Voc (×) represent the Isc and Voc under the concentration ratio ×. The ideality factor n was assumed to be equal to 1 and the FF was assumed to be constant and its value was taken from Table 2 to calculate the efficiency of the device under different concentration ratios. In realty the increase in efficiency of solar cells with increasing concentration will be hindered at some point by the internal resistances and increasing saturation current. Also in practice the temperature will negatively affect the Temperature (ᵒC) tandem solar cell performance unless an appropriate heat sink is added to the device. Fig. 6 shows how Isc, Voc and efficiency of the 10 μm device vary with increasing concentration ratio. The 20 μm, 50 μm and 100 μm tandem devices showed a similar performance (not showed here) compared to the 10 μm device. The maximum efficiency that could be achieved by the Si/Ge dual junction tandem devices under 5000 suns was 31% and 27% for 50 μm and 10 μm devices, respectively. Under 1000 suns the Ge cell contributes to about 10% absolute efficiency to the tandem device total efficiency.
Dual junction solar cell devices are usually exposed to different spectral conditions depending on the location, weather conditions, etc. Different spectral conditions will therefore affect their output, and it is important to simulate them under different spectra. Our four devices were therefore simulated under AM0, AM1.5D and AM1.5G spectra and the performance results are listed in Table 3 .
The best efficiencies were 14.47 %, 16.1 %, 17.58 % and 17.9% for 10 μm, 20 μm, 50 μm and 100 μm, respectively, under 1 sun, AM1.5G spectrum and 25°C. For AM1.5D, the efficiency of the Ge cell in the four devices increases slightly as can be noted from Table 3 . The results indicate that the 10 μm, 20
Black body temperature (K) μm, 50 μm and 100 μm tandem devices can be used for space applications since they have efficiencies ranging between 13% and 16% under AM0, in addition to their light weight. 
Conclusions
In order to extend the spectral coverage of the incident photons, we added a bottom Ge cell to the Si cell in a dual junction tandem solar cell device. The bottom Ge solar cell extended the collection of photons to the near IR region of the solar spectrum with a cut off wavelength at ~ 1800 nm. The dual junction solar cell devices consisting of Si on Ge were designed in tandem with three terminals, optimized and simulated under different temperatures and spectral conditions using PC1D.
Higher conversion efficiency could be achieved by these Si/Ge tandem devices compared to conventional single junction Si cells. The three terminal configuration used has proved to avoid the losses combined with tunnel junctions and current matching. The devices were designed with four different thicknesses and were optimized for the doping concentrations, junction depths and active layer thicknesses.
The tandem devices expected efficiencies are ~ 14.5 % for 10 μm total device thickness, ~16 % for 20 μm, ~17.6 % for 50 μm and ~18% for 100 μm under AM1.5G, 25°C and 1 sun. A total device thickness of 10 μm to 20 μm is sufficient for the tandem device since there is not much efficiency added by increasing the total device thickness further.
The devices showed a typical performance under increasing operating temperature where their performance degraded. The devices suitability for TPV applications was assessed by simulating their operation under different black body temperatures. The Si/Ge tandem device can be used in TPV applications under BBT of 3500K-4000K where their efficiencies ranged from about 10% for 10 μm tandem device to 15% for 100 μm tandem device. Performance of the tandem devices could also be enhanced under concentrated illumination where more than 10% gain in efficiency was predicted under 1000 suns for the 10 μm device.
The usefulness of the Ge cell in the tandem devices increases with increased concentration as it contributes about 10% to the total device efficiency under 1000 suns. The device does not show a good performance for PV applications since the Ge cell adds a small increment to the tandem devices total efficiency however under light concentration the Ge cell contribution to the total device efficiency increases. The devices proved to be promising candidates for use in CPV and TPV applications.
